This research aims to calculate energetics parameters, hydrogen bonding, characteristics local hydration, and proton transfer in phosphorylated nata de coco (NDCF) membrane using ab initio method. The minimum energy structure of NDCF membranes and the addition of n water molecules (n = 1-10) 
INTRODUCTION
Fuel cells are a promising energy source hoped to alleviate the future energy crisis. A variety of different fuel cells are currently being studied and developed, each with their own advantages, weaknesses, and potential applications. In general, fuel cells generate energy efficiently (40-80%) and are environmentally friendly [1] [2] [3] . Fuel cells are also capable of continuous energy conversion as long as they are fed a sufficient supply of natural gas, hydrocarbons, or alcohol. Of the various approaches, the Proton Exchange Membrane Fuel Cell (PEMFC) is one of the most promising, being both highly efficient and environmentally friendly. PEMFC utilizes a solid polymer membrane as an electrolyte [4] [5] [6] [7] .
In most current literature, a perfluorocarbon based electrolyte membrane called Nafion is used in PEMFCs. The continued popularity [5] of Nafion is due to a number of advantageous properties; mechanical robustness, stability at the operating temperature of fuel cells (approximately 80°C), and stability in the proximity of chemicals with high proton conductivity (0.08 S/cm) [3, [8] [9] [10] . On the other hand, Nafion cannot be reused, leading to a high environmental and production cost [8] of the PEMFC. In addition, Nafion is susceptible to dehydration, leading to a fall in proton conductivity at high temperatures [2, [11] [12] .
These shortcomings have led to a search for alternatives to Nafion as an electrolyte in fuel cells, capable of operating at higher temperature, with higher mechanical robustness, but with a proton conductivity level approaching Nafion. Studies on phosphorylated bacterial cellulose (nata de coco) have been synthesized and characterized [4] . Phosphorylated nata de coco has been shown to possess proton conductivity approaching that of Nafion 117. The chemical structure of phosphorylated nata de coco differs from that of Nafion; the hydrophobic and hydrophilic domains contained in phosphorylated nata de coco are what facilitate proton transfer through a cluster network. Due to water in the media, protons and hydroxyl ions are in balance. The formation of ester cellulose eases the transfer of protons in the membrane matrix, as H δ+ from the -O δ-H δ+ in phosphate rings are easily detached and quick to react with water producing ionized water. O δ-also interacts with ionized water, resulting proton transfer and increasing the conductivity of the phosphorylated nata de coco membrane. In addition, hydrophilic and phosphate rings are able to form intermolecular hydrogen bonds and between water molecules. The rate at which the electrolyte membrane bonds with water will determine the proton transfer rate [13] .
A number of models and simulations were developed to comprehend the hydration process and proton transfer in the membrane. The classical molecule dynamics (MD) and ab initio molecular dynamics (AIMD) methods were used to determine proton mobility as a function of hydration conditions and sulfonated function rings [14] [15] . Studies on SSC PFSA membrane fragments show that the formation of hydrogen bonds between water molecules is highly dependent on acid ring connectivity. The study also shows that Zundel ions (H5O2 + ) play an important role in facilitating proton transfers in low hydration conditions. The results of ab initio computation on sPSO2 ionomers show that, as a whole, proton transfer occurs in various structures within sPSO2, with meta-meta conformity generally preferred over orto-orto conformity. sPSO2 ionomers are more effective in producing moving protons in low-water conditions [16] . A study of proton transfer energetics in phosphoric acid clusters shows that the (second) energy barrier of proton transference and its endothermic properties fall with an increase in the size of phosphoric acid clusters [17] . In line with these findings, this study will evaluate proton transfer in bacterial cellulose membranes (phosphorylated nata de coco); the structure of hydrogen bonds between molecules, and how the structure reacts to the gradual addition of n water molecules at various points in the bacterial cellulose structure.
EXPERIMENTAL SECTION Instrumentation
Devices research used in this study consists of hardware and software. Super computer hardware in the form of High Performance Computer (HPC) systems at ITB Bandung. This facility is an integrated computer facilities consisting of 20 modules, each of which has two hexacore intel X5650 (Hyper threading per core subject which produce a total of 24 cores per module) RAM 16 GB and 320 GB Hard Disk capacity. The software used is a Linux-based operating systems with input in the form of z-matrix structure and computational calculations using GAUSSIAN 09 for Linux, and ChemCraff, Jmol, GaussView used to make the initial coordinates of the molecular structure and visually see the output.
Computation Method
The quantum mechanical ab initio method was used to compute the interaction energy between phosphorylated nata de coco molecules. All electronic structural calculations utilized the Gaussian09 software. Previous studies indicated of the minimum energy structure, the electronic structure, and geometry optimization are determined at the quantum mechanical ab initio method, indicated the migration of protons in the interaction of acetic acid-water and ammonia [18] .
Initial structure and geometric optimization
The first procedure was the creation of initial structure coordinates (z-matrix) of the molecules in the phosphorylated nata de coco polymer membrane. The bonds' lengths, relative orientations, and dihedral orientations are required to calculate the z-matrix. Next, geometric optimization of the polymer membrane molecule was conducted using the DFT/B3LYP method with the 6-311G (d) basis set. This optimization was generated until the most stable conformity structure of the phosphorylated nata de coco molecule. The final energy obtained from this optimization indicates the lowest energy level with the most structurally stable molecule with minimum intra-atom repulsion.
Energy calculation
The optimized z-matrix structure for each phosphorylated nata de coco structure (its monomers, dimers, trimmers, etc.) was used to calculate energy, by adding a water molecule in the same position. The DFT method with the B3LYP function and the 6-311G(d) basis set was used to generate these calculations. The change in energy between dimers, trimmers, etc. was then obtained from the various optimized conformance structure energy calculations. These calculations heavily influence subsequent results in this study [16] .
To investigate changes in proton transfers and hydrogen bonding in the vicinity of the phosphoric acid groups in low water conditions, water molecules were added one by one (i.e. + n H2O, where n = 1-10) to the optimized structures generated in the previous steps. Finally, optimizing the results of this process, obtained the interaction energy between water molecules and the phosphonate groups. The binding strength (due to hydrogen bonding) was evaluated at the B3LYP/6-311G(d) level and subsequently corrected for zero-point energy (ZPE) and basis set superposition error (BSSE) as has been done by Wang and Paddison systems sulfonated poly phenylene sulfone. [16] . The calculation of energy changes (ΔE) using the formula of equation 1, the same principle used to calculated the enthalpy changes (ΔH) and free Gibbs energy change (ΔG). The rotational energy barriers with the method described above as then conducted to determine the flexibility of the pyranose ring backbone.
RESULT AND DISCUSSION

Minimum Energy Structures
Phosphorylated nata de coco is a polymer that contain of β-1,4 bonds D-glucose phosphonate units (monomer).
Interaction energy changes of phosphorylated nata de coco are determined by added one water molecule to its monomer (two, three, four and five) on the same position. The results of various structure optimizations are Interaction energy changes of the monomers and water showed no significant changes, about -12.55 kcal/mol [19] . These results tell that two monomer structures can represent longer phosphorylated nata de coco polymer in the interaction energy calculation with water molecule [20] .
The structure of phosphorylated nata de coco is comprised of several hydroxyl ions and phosphonate groups (-PO3H2), which has been shown to affect local hydration and properties of the proton transfer. The minimum energy structure of phosphorylated nata de coco, determined through the B3LYP/6-311G(d) method elaborated upon above, is shown in Fig. 1 .
For the conformation shown in Fig. 1 , the hydrogen bond between the phosphonate (-PO3H2) and hydroxyl (-OH) groups is comparable to the hydrogen bond in phosphoric clusters, namely 1.810 Ǻ [17] , classified as medium hydrogen bonds [20] .
Backbone Conformation
Aside from intra molecular interaction, the B3LYP/6-311G (d) method was also used to calculate the interaction between pyranose rings by rotation at Table 1 . Results of the structure optimization of the phosphorylated nata de coco dimer + n water molecules (B3LYP/6-311G (d) method) Table  1 . Electronic energy, zero point energy, change in internal energy, Gibbs free energy, and change in enthalpy are shown in Table 2 .
The interaction between the phosphonate (-PO(O ··· H)2) and hydroxyl groups and the interaction of pyranose rings significantly affects conformance. Each phosphate groups in the phosphorylated nata de coco dimer is expected to interact with neighboring hydroxyl and pynarose rings or with its hydroxyl unit. Consequently, the pyranose ring tends to rotate about its C-O bond to minimize the steric effect. The determination of the global minimum energy of the phosphorylated nata de coco dimer structure in Fig. 2  and 3 show that the two pyranose rings are regulated by an advantageous barrier energy configuration. The potential energy surface (PES) scans have been conducted with the B3LYP/6-311G(d) method for the rotation of pyranose rings about the C-O bond for negative and positive 180°. As seen in Fig. 2 and 3 , barrier energy peaks when the two pyranose rings are perpendicular and falls when in parallel. Similarly, rotational energy peaks when the conformances of the two pyranose rings are perpendicular. The average and maximum barrier energies of phosphorylated nata de coco dimers was found to be approximately 5.3 and 12.5 J, respectively, far below the observed barrier energy of PFSA fragments and sPSO2. This shows that the backbone of pyranose rings are more flexible (less stiff) compared to PTFE backbones and sPSO2 [16, [21] [22] . A possible explanation is that the majority of the hydrogen bonds formed in phosphorylated nata de coco are unaffected by rotation along central C-O bonds. 
Proton Transfer and Hydration
To investigate proton transfer near the phosphate ring (-PO(O···H)2) at a low degree of hydration, water molecules were added one by one to the phosphorylated nata de coco dimer. Utilizing the B3LYP/6-311G (d) method, multi hydration phosphorylated nata de coco dimers were obtained from various structures with n molecule air (n = 1-10), with the resulting conformances shown in Fig. 4 .
The optimization results obtained from energy data of each structure, so it can be calculated change in energy, enthalpy change and the Gibbs free energy change using equation 1. Table 2 displays data from the energy calculation results and BSSE computation that corrects the bonding energy between molecules. An increasingly negative change in energy, Gibbs free energy and enthalpy indicates a stronger interaction with water molecules. The values of ΔE, ΔG and ΔH show the stability parameters of a system's thermodynamics; the more negative the reaction will tend to be stable because the reaction takes place spontaneously. The addition of one water molecule to the system lowers the change in energy, enthalpy change and the change in Gibbs free energy (ΔE, ΔG and ΔH), so that the intensity of the interaction between the phosphorylated nata de coco dimers with the water molecule also increases. The values of ΔE, ΔG and ΔH indicate the thermodynamic stability parameters of a system, the more negative the reaction will tend to be stable because the reaction is spontaneous. The addition of one water molecule to the system lowers the system, so that the intensity of the interaction between the phosphorylated nata de coco dimers with the water molecule also increases, encouraging the transfer of protons in the membrane matrix as the H δ+ from -O δ-H δ+ in the phosphate ring is able to easily dissociate and is free to interact with water to produce protonated water. -O δ-will also interact with other protonated water molecules leading to increased proton transfer and increasing the conductivity of the phosphorylated nata de coco membrane. Intermolecular interaction between polymer chains will fall and interaction between phosphate groups and water will subsequently rise [13] . The average value of ΔE, ΔG and ΔH for the interaction between water molecule and nata de coco dimer increased gradually at addition of 1-2 water molecules, decreased gradually up to addition of five water molecules, and were relatively constant for the next addition of water molecules. This is consistent with previous research suggesting that proton dissociation is tied to the proportion of water and phosphoric acid in the system; phosphorylated nata de coco is comprised of hydrophobic and hydrophilic domains allowing proton transfer to occur through cluster networks. With water in the media, a balance between protons and hydroxyl ions is established [13] . The bonding energy tends to be similar, with a rise in bonding energy corresponding to increased hydration. The local hydration of the phosphorylated nata de coco dimer was considerably different from that of PFSA and sPSO2; in sPSO2 proton dissociation occurred with the addition of a minimum of three water molecules (dO-H = 1.02 and 1.06 Ǻ), while in PFSA a minimum of five water molecules ((dO-H = 1.01 and 1.02 Ǻ) was required [16, [21] [22] . In phosphorylated nata de coco dissociation (dO-H = 1.01 Ǻ) was observed with the addition of four water molecules, with the dissociated proton stabilizing into a hydronium ion as seen in Fig. 4a . With the addition of five and six water molecules, the two dissociated protons stabilized into Zundel and hydronium ions as seen in Fig.  4b . The existence of a Zundel ion resulted in a minimum bonding energy, hence encouraging proton transfer as Zundel ions function as a mediator in the proton transfer process. With the addition of seven and eight water molecules, the three dissociated protons formed two Zundel ions and one hydronium ion as seen in Fig. 4c . Finally, with the addition of nine and ten water molecules, one Eigen ion and two Zundel ions were formed as a result of the dissociation seen in Figure 4d . The hydronium ion forms an Eigen ion through the hydrogen bonds formed with three water molecules with an average O-H distance of 2.56 Ǻ. The formation of an Eigen ion indicates that the proton has migrated to the second hydration layer [23] .
CONCLUSION
Optimization results from the B3LYP/6-311G (d) calculation shows that proton dissociation requires a minimum of four water molecules. Dissociated protons are stabilized with the formation of hydronium, Zundel, and Eigen ions. The gradual addition of n water molecules (with n = 1-10) leads to increasingly negative changes in energy (∆E) and enthalpy (∆H), indicating stronger interaction with water molecules. This interaction may encourage proton transference in the membrane matrix. Rotational energy calculations show that the pyranose ring structure is significantly more flexible than the aromatic sPSO2 structure and the poly tetra fluoro ethylene (PTFE) structure in perfluoro sulfonic acid (PFSA) ionomer. The highest rotational barrier energy of the pyranose rings were~12.5 J/mol. These energy calculations provide the basis that the flexibility of the pyranose ring and the hydrogen bonding between water molecules and phosphonate groups influence the transfer of protons in the membrane of phosphorylated nata de coco.
